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DIFFERENCE APPROXIMATIONS FOR THE SECOND ORDER
WAVE EQUATION*

HEINZ-OTTO KREISST, N. ANDERS PETERSSON?, AND JACOB YSTROMS

Abstract. Difference approximations are derived for the second order wave equation in one and
two space dimensions, without first writing it as a first order system. Both the Dirichlet and the
Neumann problems are treated for the one-dimensional case. Relations between the boundary error
and the interior phase error are derived for a fully second order accurate discretization as well as
a scheme that is fourth order accurate in the interior and second order accurate at the boundary.
General two-dimensional domains are considered for the Dirichlet problem where the domain is em-
bedded in a Cartesian grid and the boundary conditions are approximated by interpolation. A stable
conservative scheme is derived where the time step is determined only by the interior discretization
formula. Discretization cells cut by the boundary are treated implicitly, but the resulting scheme be-
comes explicit because the implicit dependence only is pointwise. Numerical examples are provided
to verify the stability and accuracy of the proposed method.
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1. Introduction. The theory of difference approximations for first order strongly
hyperbolic systems is by now very well developed. However, in many applications like
seismology, acoustics, and general relativity the underlying differential equations are
systems of second order hyperbolic partial differential equations. It is surprising that
in this case the corresponding theory is much less developed. Instead, one often
rewrites the equations as a first order system and then uses methods developed for
such systems. While these methods provide the most natural way to solve problems
that come as first order systems, we will argue that there can be drawbacks with
rewriting second order systems into this form before they are discretized. Instead, we
propose a numerical method that directly discretizes the second order system.

Consider, for example, the wave equation

(1.1) Upp = Ugy

in the strip 0 <z < 1, t > 0. Thus we have to give initial conditions
(1.2) u(z,0) = f(z), w(z,0)=g(x),

and boundary conditions, for example,

(1.3) w(0,t) = ho(t), wu(l,t) = hi(t).
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To solve the problem numerically, we introduce a grid by
t,=nk, k>0, n=0,1,2,..., z,=vh, h=1/N, v=0,1,2,...,N,
and approximate (1.1)—(1.3) by a completely centered approximation

DiDiv(x,,,tn) =DiD*v(xy,,t,), v=12,...,N—1,
k2
(1.4) v(z,,0) = f(z,), vz, k)= f(z,) + kg(z,) + ?Dinf(w,,),

v(0,t,) = ho(tn), v(1,t,) = h1(t,).
Here

hDiv(x,,t) = v(Tyt1,t) — v(20, 1),
hD* v(x,,t) = v(xy,,t) — v(zy_1,t),

denote the usual forward, backward, and centered difference operators. As we will
see, this approximation and its generalization to more space dimensions work very
well. There are no difficulties with the boundary conditions; i.e., we do not need to
supply any extrapolation conditions.

One can write (1.1) as a first order system

(1.5) u = Au,, u= , A=

with initial conditions

u(z,0)=f, f= (f,/owg(a”c)cw)T,

and boundary conditions (1.3). The leap-frog scheme is often used to solve wave
propagation problems. For (1.5) it is, in its simplest form, given by

Diu(z,,t,) = ADu(x,,t,), v=1,2,...,N—1,
(1.6) u(z,,0) =f(z,), u(xy,k)="=£(x,)+kADju(z,,0).

There are a number of drawbacks with this procedure:

1. One needs to calculate two variables. (More variables are needed in several
space dimensions.)

2. To obtain the same accuracy as (1.4), one needs to double the number of grid
points in space and time.

3. Since there are no boundary conditions for v, one has to supply extrapolation
conditions to obtain v(0,t) and v(1,t¢). This can be done, but one has to be
careful not to introduce instabilities; see [5].

4. If the solution is not properly resolved, i.e., if one does not use enough
points/wavelength, then one creates spurious waves which travel in the wrong
direction; see [1].
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To avoid the three latter difficulties, one may introduce a so-called staggered grid.
However, this amounts to nothing else but solving (1.4) in disguise. In more space
dimensions, staggered grids can lead to complications at the boundaries.

In the present paper, we directly approach the wave equation as a second order
system. The equations are discretized on a Cartesian grid that covers the domain of
interest, and the spatial derivatives are approximated by finite differences. On the
boundary, which is embedded in the Cartesian grid, we use interpolation to approx-
imate the boundary condition. This procedure results in a closed second order sys-
tem of ordinary differential equations, and we derive an appropriate time-integration
method for this system.

Numerical methods for first order systems are by now well developed, and many
useful techniques have been established, such as higher order accurate boundary condi-
tions [9], accurate treatment of discontinuous coefficients [4], and nonreflecting bound-
ary conditions for external domains. The method presented here currently lacks these
refinements, so a direct comparison on a realistic problem is hard to make. Instead,
this work should be seen as a starting point for the development of a numerical tech-
nique that directly approaches second order hyperbolic systems.

Embedded boundary techniques for discretizing Laplace’s equation subject to
Dirichlet boundary conditions date back to Weller and Shortley [10], who used a
finite-volume method (perhaps before that term was coined) to set up first order
accurate difference approximations near the boundary. Collatz [2] derived higher order
difference methods for both the Neumann and Dirichlet problems. More recently,
several embedded boundary methods have been presented for various types of partial
differential equations. For example, Pember et al. [8] used a Cartesian grid method for
solving the time-dependent equations of gas dynamics. Zhang and LeVeque [11] solved
the acoustic wave equation with discontinuous coefficients written as a first order
system. They derived special difference stencils that satisfy the jump conditions at the
interior interfaces, where the coefficients are discontinuous. A staggered grid method
was used by Ditkowski, Dridi, and Hesthaven [3] for solving Maxwell’s equations on a
Cartesian grid. The methods described in these papers all solve first order systems (in
time). Johansen and Colella [6] derived a finite-volume scheme for solving Poisson’s
equation with Dirichlet boundary conditions using an embedded boundary technique.
Away from the boundary, the truncation error for the Laplace operator is O(h?), but
in cells cut by the boundary it becomes O(h/T"). (Here h is the mesh spacing and T’
is the area fraction of the cut cell.) A potential theoretic argument is used to show
that the solution of Poisson’s equation is still second order accurate, even as I' — 0.
However, the large truncation error in cells cut by the boundary makes this method
unsuitable for solving the wave equation, where the truncation error for the Laplace
operator also needs to be small near the boundary.

We shall now summarize the remainder of the paper. In section 2 we discuss a
second order accurate time-integration method to solve the system of ordinary dif-
ferential equations that arises after the wave equation is discretized in space. In
particular, we derive a semi-implicit approach to avoid the severe time-step restric-
tion that otherwise can occur from small cells cut by the boundary. When certain
symmetry conditions are satisfied, the time-integration method is shown to be stable
and conservative.

Section 3 contains a discussion of the stability and accuracy of semidiscrete ap-

proximations in one space dimension both for Dirichlet and Neumann boundary con-
ditions. We consider methods that are second order accurate overall and methods
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that are fourth order accurate in the interior and second order accurate at the bound-
ary. Analytically, we derive the relation between the boundary error and the interior
phase error. The analysis clearly shows that for the second order accurate method,
the phase error dominates if we integrate over long distances. By using the fourth
order method in the interior, we show that the phase error is greatly reduced.

The Dirichlet problem for the wave equation in general two-dimensional domains
is treated in section 4. We show that we can construct stable energy conserving
schemes that are either second order accurate overall or second order accurate at the
boundary and fourth order accurate in the interior. We show that the scheme can
be derived “dimension by dimension”, essentially by employing the one-dimensional
scheme in each direction. Since the semi-implicit treatment of the cut cells at the
boundary is pointwise, the resulting scheme is fully explicit and therefore highly ef-
fective.

Numerical examples are provided in section 5, where we solve the two-dimensional
Dirichlet problem to demonstrate the accuracy and stability of the proposed method.
Future research is outlined in section 6.

2. Ordinary differential equations. Consider the initial value problem for
the scalar equation

with initial conditions
(2.2) w(0) = ug, w(0) =us.

Here F(t) is a smooth function and A < 0 is a negative constant.

The usual way to solve (2.1), (2.2) numerically is to rewrite the equation as a
first order system and then apply any of the standard schemes. In this paper we
solve the equation directly. Let k& be the time step, t,, = nk, and denote the discrete
approximation v™ & u(ty,). We use two different second order accurate schemes:

1. If A ~ —1, we use

(2.3) " — 20" T = B2 (W™ 4 F(ty,)).

2. If A < —1, then we use instead

A
R (2(v”+1 +o" ) ¢ F(tn)) )
The last method can also be written as
/\k2 n+1 n n—1 2.n 2
(2.4) 1—7 (T = 20" + 0" = AESO" + KA F (t,).

We initialize the schemes by
k2 k2
vo = ug, v1 =u(0)+ ku(0) + 3utt(0) =ug + ku; + 3()\u0 + F(0)).

The characteristic equations for (2.3) and (2.4) are given by

2 _ g2 Ak? 2 2
(k—1)*—=k°Ac =0, 177 (k—1)* = Xk*k =0,
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AR
1— \k2)2

respectively. Thus,

where

¢=Mk? for (23) and (= for (2.4).
Thus, |k1] = |ka| = 1, k1 # ke, for —4 < ¢ < 0. Hence, the approximation (2.3) is
stable for k < 2/4/—A\, while the scheme (2.4) is unconditionally stable.

Now we consider systems

(2.5) u(0) = up, u(0) =uq,
and the corresponding homogeneous problem

Vit = A’U,
(2.6) v(0) =vg, ©v4(0) =v;.

LEMMA 2.1. The solutions of (2.6) are uniformly bounded in time if and only if
the eigenvalues of A are real and negative and there is a complete system of eigenvec-
tors.

Proof. Let X\ be an eigenvalue of A and ¢q the corresponding eigenvector. Then,
for any constants o1, 02,

(Uleﬁt + O'Qe_ﬁt)kpo if A#0,

V) =
(0’1 + O'Qt)(po ifA=0

is a solution to vy = Aw. Thus, vy is uniformly bounded in time if and only if X is
real and negative. If there is a complete eigensystem, then we can write the solutions
to (2.6) as a sum of eigensolutions. The solutions are therefore uniformly bounded if
and only if all the eigenvalues are real and negative.

An easy calculation shows that the solutions of

vy = Jv,

where J is a Jordan block, are not uniformly bounded. Therefore, if the eigensystem is
incomplete, the solutions of (2.6) are not uniformly bounded. This proves the lemma.

If A = A* < 0 is a negative definite symmetric matrix, then all conditions of
the above lemma are satisfied and the solutions are uniformly bounded. We can also
prove this by an energy estimate. We have

0
§|Ut|2 = (v, ) + (Vg, V)

= (v, Av) + (Av,vy) = %(v,Av}7
9 2
(27) O fwnf? + (v, (— A)w)) =0

ot
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Since — A is positive definite, boundedness follows.
We approximate the system (2.6) by

t, =nk, v" = v(t,),

and
(2.8) " 20" T = K2 Av™ i |A] ~ 1,
2
(2.9) "t 2" f T = %A (V" 40" if Al > 1

We can write (2.9) in the form
k2
(I — 2A> (U”H — 20" 4 v"fl) = k2 Av".
Since we can reduce the system to scalar equations, the difference approximation
corresponding to (2.3) is stable if

max |\;[k? < 4.
j

The approximation (2.9) is unconditionally stable.

We proceed by using energy methods to derive the discrete counterpart of (2.7)
to show that the discrete energy is conserved by the scheme (2.8). We write (2.8) in
the form

"t ol = (21 + K2 A)v".
Therefore,
("t — T ™ ) = (0" (21 + K2 A)u™) — (0" (21 + K2 A)v™).
Assuming that v™, A are real, we obtain

L(tpi1, A) =: [0 2 + o™ 2 — (0™t (2] + K A)o™)
_ |’U"‘2 + |,Un—1|2 _ <’U", (2I+ kQA),vn—1>
= L(tn, A).

Thus, we obtain an energy estimate if L is positive definite. We have
L(tny1, A) = (0" — o™ 0"t — ") — k2 (o™ Av™).
Since A = A* is symmetric,
1 1
(v" 1 Av™) = Z(v”"'l + o™, A" o)) — Z(v""’l — ", A(v" T —o™)).
Hence,

(2.10) L(tni1, A) = <'v"+1 —v", (I + TA> (o™ — v”)>

k2
7Z<,Un+1 +’Un,A(’Un+1 +,Un)>.
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Let A\; < 0 be the eigenvalues of A. For 4 — k% max; |\;| > k% min; |\,
k2 k>
v, [ I+ —A)v)>—min|)\v|?
4 4

kK2 .
L(tar1, A) = S min Py (o™ =02 + o+ 07 2).

and

Thus, L(t,, A) is positive definite if the time step satisfies

(max || + min [, ) < 4

and, essentially, we recover the previous time-step restriction.
By comparing (2.11) and (2.7) we note that L(t,.1,A)/k? is a second order
accurate approximation of the energy |v;|? — (v, Av), evaluated at time t,, + k/2.
Often there are only relatively few elements of A which are large, and we can
write

A:A1+A2, A1:AT§0, ‘A1|>>1, 142:14;<07 |A2|N1

To avoid severe restrictions of the step size, we can use the second order approximation

k‘2
(2.11) v — 20" " = 54 (V" ") + K2 Apv”,

which we write as
]C2
(I — QAI) (’U"+1 — 20" + ’Un_l) = k‘z(Al + AQ)’U”
or
k2
(I — 2A1) (o™t 4o = (2] + k’QAg)v".
Thus,

2

Similar to the scheme (2.8), we can derive a discrete energy that is conserved. As-
suming that v™, Ay, Ay are real, we have

L A Ao) =: n+1 _ k72 n+1 n o k72 n
1(tn+17 1, 2) =:{v ) 1 9 Al v + (v, I 2 Al v

_<,Un+1, (2[ + k’2A2)’U">

k2 k2
<'v", <I — 2A1> 'u"> + <v”_1, (I — 2A1) v”_1>
— ", (21 + K2 Az )
Ll(t’n7A17A2)'



SECOND ORDER WAVE EQUATION 1947

We have now to show that Li(t,, A1, As) is positive definite. Since —A; is positive

semidefinite,
k2 k2
(o= )+ (=) 20

Ly (tn, A1, Ag) > L(t,, As).

and it follows that

Thus Lj(t, A1, Ag) is positive definite since L(t,, A2) is positive definite. Hence,
the previous time-step restriction applies with A replaced by As. We summarize our
results in the following lemma.

LEMMA 2.2. The time-integration scheme (2.11) is stable and the discrete energy
Li(tn, A1, Ag) is conserved if Ay = A3 <0, Ay = A5 <0, and the time step satisfies

(mjax|)\j| + min |Aj|> k? < 4,

where A\; are the eigenvalues of As.

All our results are also valid for systems

Buy = Au, A= A*<0, B=B">0,
because the change of variables B/2u = @ gives us
wy = Au, A= A* =B 124AB"1/2

3. The wave equation in one space dimension. We consider the wave equa-
tion
(3.1) Uy = Uy

for x > 1, t > 0. Here [ > 0 is a small number. At ¢ = 0 we give initial conditions

(32) ’LL(LE,O) = f(x)v ut(xvo) = g(ﬁ)

Here f is a smooth function with compact support.

3.1. Second order methods. At x = [ we give boundary conditions and we
start by analyzing Dirichlet conditions

(33) u(l,t) = 0.

Here we discuss second order difference approximations. We only discretize space. In
the time direction we use the approximation discussed in the previous section. Let
h > 0 be a step size. We assume that | = ah, 0 < a < 1. Grid points are given by
x, = vh and grid functions by w(z,,t) = w,(t). We approximate (3.1), (3.2) by

Wy = Dy D_w,,
(34) wu(o) = fua wl/t(o) = 9v, V= 1727 et

We shall use the simplest second order accurate boundary condition given by the
interpolation condition

(3.5) ow; + (1 — a)wy = 0.
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We can express wg in terms of wy and eliminate wy from (3.4). Then the differential
equation for w; becomes

we — 2wy + w 1
Wit = % = ﬁ(awl + bws),

a:_(2+ @ ) b=1.
11—«

In matrix form (3.4) can be written as

where

a 1 0 0 0 w1
1 -2 1 0 w2
1
Wy = 72 o 1 -2 1 w, W= w3
0

The matrix is symmetric and negative definite. Since |a| becomes large as @ — 1, we
split the matrix and use the scheme (2.11) with

We now consider Neumann boundary conditions. At x = ah we have
Uy (ah) = uy(0) + ahug, (0) + O(h?).
Also,
Dty = 1(0) + utzs(0) + O(R2).
Therefore,

1
ugy(ah) = Dyug + h (a — 2) Diuo + O(Rh?).

Thus, we approximate the boundary condition
ugy(ah) =0

by

1
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(g _a> wo = (Q_D ws + (2 — 2a)wy.

We eliminate wy from the differential equations (3.4) and obtain

1 1 a—13 2 —2a
wltt:m(wg—le—l—wo):hQ((14—3_(1)1122—(2— 3_a>w1)
1 3

2

ie.,

= W(wg —wy), a==—a.
Thus, (3.4) can be written as
(3.7
-1 1 0 0 0
a 0
1 -2 1 0
1 1
Bwy; =: Wi = — 0 1 -2 1 w = Aw.
. B2
0 1

The matrix A is symmetric and negative definite on the space of grid functions with
bounded discrete lo-norm. In this way we exclude solutions which are constant in x.

Note that 1/2 < a < 3/2, so the system does not become stiff for 0 < a < 1. We
can therefore apply the scheme (2.8) to integrate in time.

3.2. Higher order methods. It is well known that for the Cauchy problem
fourth order methods are much more effective than second order methods when solv-
ing wave propagation problems. The number of points/wavelength analysis tells us
that the phase error is very much decreased. However, for problems in bounded do-
mains, it is often difficult to construct stable fourth order accurate approximations of
the boundary conditions. We want to show that a method that is fourth order accu-
rate in the interior but only second order accurate at the boundary is an acceptable
compromise. In this way we control the phase error.

We consider the half-plane problem for the wave equation

(3.8) Uy = Ugg + F(x,t), x>ah, t>0,

(3.9) u(z,0) = fD(x),  w(z,0) = fP(2),

with Dirichlet boundary conditions

(3.10) u(ah,t) = g(t).

We approximate (3.8)—(3.10) by

(3.11) vt = DyD_v,, v, =v(x,,t), z, =vh, v=0,1,2,...,
(312) w0 = £V, va(0) = £,

with boundary condition

(3.13) avg + (1 — a)vy = g(¥).



1950 H.-O. KREISS, N. A. PETERSSON, AND J. YSTROM

Here F, fU) g € Cg°. Without restriction we can assume that F* = 0, f () = 0, because
we can extend F, () to the whole space, solve the Cauchy problem, and subtract its
solution from u. For the Cauchy problem we know that the fourth order method is
much more accurate.

Under the above assumption, we solve the above problems by Laplace transform.
The transformed problems are
(3.14) 820 = lgy, G(ah,s)=¢, s=if+n, 1n>0,
(3.15) %0, =DyD_0,, av+(1—-a)vy=9, v=12...,

and their solutions are given by

(3.16) a(x,t) = e @5 g,

(3.17) 1, = k" 0o, (a,‘f +(1- a))ﬁo =g,

respectively. Here x with || < 1 is the solution of the characteristic equation

(k—1)

= s?h?.
For the discussion of accuracy, we can assume that |sh| < § < 1. We obtain

s2h? sipd $2h? $3h3
1+ 2 epz B g _
=l St sh+ =5 8

s2p2
p—sh(1—557)

~

By (3.15)

- 2
9 ~ ahs a—a” 99

=~ 1— ——5°h° .
W e hr1—a ¢ < 2 ° )

Thus, for x = z,,,

a2
0z, s) ~ 678$(17%)6ah5§ <1 - Oé;[s2h2)

and
- 2 9.’1},2.5‘2
(3.18) |a<x,s>—ﬁ<x,s>|§|geahs{MsW e (1 e )}
o (shPP szl o |g| |sh|? |s|
(3.19) |9<8+24IS| < + 5

We can invert the Laplace transform on the imaginary axis s = i£. Therefore, we can
consider u(z,t), v(z,t) as a superposition of waves which travel into the region. The

2
error consists of the phase error %(sh)2 and the boundary error |SZ| , due to the
interpolation on the boundary. It shows that the phase error dominates the boundary
error if |sz| > 3.

We now consider the fourth order method

h2
(3.20) Vit = Dy D_v, — EDiDEvy, v=12,...,
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with boundary condition
(3.21) avy + (1 — a)vg = g.

Now the stencil depends also on v_;. Therefore, we have to supply an extra boundary
such that we can eliminate v_;. This condition can have different forms, depending
on our requirements.

3.2.1. A method that is fourth order accurate in the interior and on
the boundary. Using the differential equation, the boundary condition

u(z,0) = g(t)
implies
Um(%o) = Utt(3€7 0) = Gtt-

Therefore, we obtain a method that is fourth order accurate overall if we add the
condition

(3.22) aDiD_vi+ (1 —a)DyD_vg = gi.

Another advantage of (3.22) is that in matrix form we obtain a symmetric system.
We write (3.20) and (3.21), (3.22) in the form

h2
vy = Dy D_v, — EDJ,_D_U)V, w,=D;D _wv,, v=0,1,2,...,

avy + (1 —a)vg =g, awi+ (1 —a)wy=g.

Then we can eliminate vy and wy and obtain
h? h?
Vit v 12 w + v D v+

Since A — %AQ is negative definite, we can apply our previous results and obtain
a stable scheme. Unfortunately, this technique cannot easily be generalized to more
space dimensions.

3.2.2. Methods that are fourth order accurate in the interior but only
second order accurate on the boundary. As we have seen earlier, the error at
the boundary is often much smaller than the phase error in the interior. Therefore, it
is reasonable to use a method that is fourth order accurate in the interior and second
order accurate at the boundary.

The simplest way to achieve this it to calculate the fourth order term only if its
stencil does not depend on boundary or exterior points. The resulting scheme is not
symmetric and, unfortunately, it is slightly unstable.

We can also replace (3.20) by

h2
(323) Vptt = D+D7’UV - ED+D, (’yl,D+.D7’UV), V= ].7 2, ey
with vg =1 =0, 2 =3 =--- = 1. Since
(3.24)

h*D,D_(y,DyD_v,) = vy41D4D_v,41 —2v,DyD_v, +~v,_1DyD_v,_1,
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the matrix for the semidiscrete problem is again symmetric and negative definite and
we obtain an energy estimate. We shall now discuss the accuracy of the new method.
Since the fourth order terms do not depend on v_; and vy, we do not need to specify an
extra boundary condition. Thus, we consider (3.23) with boundary condition (3.21)
and solve the problem by Laplace transform.

Since v, = 1 for v > 2, the Laplace transformed problem becomes, using (3.24),

h2

(3.25) s%0, = Dy D_0, — ;D4 D%0,, Re(s) >0, v=34,...,
1 1

(3.26) §%09 = Dy D_y — T3 D+ D5+ gDy Db,
1

(3.27) s%0y = Dy D_%y — o D+ D2,

(3.28) avy + (1 — Oz)’ﬁo =g.
We can eliminate ¢y by writing (3.27) and (3.28) in the form

h2
(3.29) —(1—a) (h232@1 —h*D,D_ + 12D+D_@2) = ab; + (1 — )iy — g
We now solve (3.25), (3.26), and (3.29). The general solution of (3.25) is
(3.30) 0y, = 01Ky + 02Ky,

where k with || < 1 are solutions of

1, (k—1)2

peoop=

212
B2 =g — —
y =19 p

For small |sh|, the solutions of
p? =120+ 125%h* =0

are

[ =6+ /36 — 125212 ~ 12,
po =6 — /36 — 12s2h2

/ 1

1 1 1
N 1o (1-22p2_ 2 gaps _ 616
6( ( 6sh 725h 33-168h>)

1 1
212 414 61,6
~ s“h —s°h — 5 h°.
S +12s +72s

The corresponding « are solutions of
K2 =2+ uk+1=0.
After some painful computations,
B
12’

2
ke B3 sk o L
(3.32) Ko =14 5 pot 75 ~e T g

(331) K1 ~
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Inserting the ansatz (3.30) into (3.26),

7 (k1 — 1)2 1
2 (.22 (K1 —1)" .
o1K] (s h 5 o + 12(m1 1)

T(ka—1)2 1
—I—Ug,‘{% (s2h2—6(ﬁ2ﬁ;2)+12( 2—1)) 0,

and entering the above values of k1 and ks yields

oy (112 9.9 s2h? 3
3.33 — | -—= 14 h® ) — O((sh =0.
(3:33) 122 (122( +12>+5 o2 { g5 H O
Thus we can neglect o7 in (3.29) and commit an error O(h?s?) if we replace (3.29) by
(3.28). The result is a solution with essentially the same amplitude as in the second
order case but with a much improved phase error.

Similar arguments can be used for Neumann boundary conditions. In one space
dimension we can obtain an approximation which is fourth order overall by using

Uy = G, Ugtt = Uggz = Jtt,

as boundary conditions. That the approximation is second order accurate for Dirichlet
conditions at the boundary depends crucially on the relation (3.33), which holds only
because the boundary condition (3.28) has no influence on (3.26). Second order
accurate discrete Neumann conditions depend on vg, vy, and vs. Therefore, we will
obtain (3.33) only if we replace (3.23) by

(3.34) Y=711=7=0 n=1 for v>3
In one space dimension this new approximation is stable. We will investigate the
two-dimensional Neumann problem in a forthcoming paper.

4. The wave equation in two space dimensions with Dirichlet boundary
condition. In this section we consider the scalar wave equation in the bounded
domain  C %2, subject to Dirichlet conditions on the boundary T,

uy =Au, x €, t>0,
(4.1) u(z,t) = f(xz,t), xel, t>0,
u(x,0) = ug(x), ui(x,0)=ui(x), e

4.1. Algorithm. We cover 2 by a Cartesian grid with step size h; see Figure 1.
The grid points are given by x; ; = (3, yj)T,

;=2 4+ (i —1Dh, i=1,2,...,N,

yi =y +G-Dh, j=1,2,..., M,
where h = (z(M) —z©) /(N —1) = (y™ —4©) /(M —1). Let all points & = (z,y) € Q
satisfy Tmin < T < Tmax, Ymin < ¥ < Ymax- L0 make sure the grid covers {2, we require
x(O) é Tmin — h» x(l) 2 Tmax T h and y(o) S Ymin — ha y(l) 2 Ymax + h.

Before we can discretize the problem, we need to classify each grid point. We
denote the classification by m; ;,

0, =x;; outside of (2,
m; = 1, =, € meiil,j € Q) and T;i+1 € Q,

—1 otherwise.
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""" 1 [Inside]
; I_Iazh
/’kﬁ

Fia. 1. The computational grid and the embedded boundary (left) and a close-up of one boundary
point (right).

Hence, interior points have m; ; = 1, exterior points have m;; = 0, and boundary
points have m; ; = —1. Let u]; denote the difference approximation to w(Zi, Yj, tn)-
At interior points, we use a centered approximation both in space and time,

n+1
T _9
(4.2) L]

up; +upy’
12

At boundary points, the Dirichlet boundary condition is used to eliminate the exterior
points from the centered difference formula. For example, let x; ; be a boundary point
and let the points (z; —a1h,y;)T and (z;,y;+ ash)? be on the boundary, as is shown
in Figure 1. The Dirichlet conditions are approximated by linear interpolation,

= (DYDY + DYDY )uil; =: Apugy, my; = 1.

(1 - al)qu + alu?—l,j = f(xl - alhayjatn),
(1= ag)u; + aguij 1y = f(@i,y; + agh,ty).

Assuming that a; > 0, as > 0,

1—a 1

Uy == o quJrOTlf(xi—alh,yj,tn),
1—0&2 1

Uy = — o ity + Ozf(xi,yj + agh, ty,).

Eliminating u} ; ; and uf;,, from (4.2) results in

n+1 n n—1 £
= 2uy 1 " n n [
(4.3) J = g (S il i) + 5
(4.4) — At 1 L
. - h 1,7 h,2 )

where d; j = (1-a1)/a1+(1—az)/az > 0 and fI'; = f(zi—a1h,y;,tn) /a1 + f (i, y;+
ash,t,)/as. Since a; and s can be arbitrarily close to zero, d can be very large,
which makes the time-step restriction for (4.4) severe. To avoid this problem, we use
the splitting discussed in section 2,

1 —1
w2 A L n
2 = o5 (=il + ity + i)
di - fr
ij (. n+l n—1 i, o
= gz (Wl ) + 5 may = -1
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In the general case, d; ; and f, i'; get contributions from all exterior nearest neighbors,
and the first term on the rlght hand side includes all interior or boundary nearest
neighbors,

unfl—Q Sty !

1
%J 4,J n n
k:2 = h2(4um+ g |mj|uj>
J

(4.5) _
_di,j(n+1+n1)+ i o —
gp7 Mg T pz T
Here j is a multi-index and the sum extends over all nearest neighbors j = (i +

I’j)’(i_ lvj)v(ivj + 1)’(i’j - 1)'

4.2. Stability. By letting u™ denote the vector containing the solution u;’; at
all interior and boundary points (using line ordering, for example), we can erte the
time-integration scheme (4.2), (4.5) in the form (2.11). The matrix A, given by

A — 07 mi; = 1a
! dig R
T h2 mz,g - 5

is negative semidefinite since it is diagonal and —d; ; < 0. The matrix A, is defined
by

7z (*4%',]‘ +2; uj) : mi; =1,
AQU = 1
h2

(i + X5 Imgluz) , miy = -1,

Again, the sum extends over all nearest neighbors j = (i + 1,7),(i — 1,5), (4,5 +
1), (5,5 = 1).

To study the symmetry of Ay, we note that if (4,7) is an interior point, the
corresponding row in Asu contains the four off-diagonal terms w; 41 j+ui—1 j+ui j+1+
u;,j—1. On the other hand, the row in Asu corresponding to point (¢ + 1, 5) includes
the term w; j, whether (i41, j) is an interior or a boundary point. The same argument
applies to the other three off-diagonal terms. When (4, j) is a boundary point, the
corresponding row in Asu contains at most three off-diagonal terms. For example, let
one of these terms be u; 41 ;. Again, the row in Asu corresponding to point (¢ + 1, j)
includes the term wu; ;. We conclude that the matrix A, is symmetric.

Since the sum of all elements on each row of A, is less than or equal to zero, the
Gershgorin circle theorem implies that A, is negative semidefinite. We proceed by
showing that As is negative definite. We begin with the case when I' is convex; see
Figure 2. Let us define the inner product between two real-valued grid functions u
and v by

je(@) M ie())

(u,v)p = E E Ui, jVij = E E Ui, Vi, j-

i=1 j=75s(3) J=1i=is(j)
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i

j=M s
Ry T

=1
i=1 i=N

F1a. 2. Notation used to show that Az is negative definite.

It is convenient to treat the terms in (u, Asu), “dimension by dimension.” We have

N M
(u, Agu)y, = Y Si(i) + Z S2(7);

=1
je(i)—1 )
> i ;DLDYu;;+ 73 Wigs() (= 2 jo(o) + Ui js(i)+1)

J=js(i)+1

S1(i) =

1
+ 7,2 Uisge() (=2 je(i) + Ui je(i)—1)s

ie(j)—1
. T T 1
So(j) = Y wi;DID%ui;+ 72 Wis (i), (= 2Uis(5) 5 + Wis(i)+1,5)

i=is(j)+1

1
+ o Uie(5),i (—2Uie(j).j T Uie()-1,)-

The sum in Sy (4) satisfies

je(i)—1 je(i)—1
> wigDiDYuij= Y iy (D uijen — DY)
j=js(i)+1 j=js(i)+1
o y 2 Wijs(i) ryy Yije(i)=1 ry
=— > (DYuiy)’ - —, Douigsiyer =7 D2uijeqi)-
j=gs(i)+1
Now, the two last terms in Sy (7) satisfy
Ui, js(3) Ui, je(s)
B2 (" 2igsti) + Uigs ) + e (Z2uigeq) + Uige()-1)
u . . o u . . _—
i) | Yinjs(i) ige(d)  Uije(i)
= -5+ =Dl jsiy1 — 5z TDZui,je(i)-

h? h



SECOND ORDER WAVE EQUATION 1957

Therefore,

je(i) 2

’ U3 i) u? @)
Si)=— D (Dluiy)’- e s
=is()+1

In the same way,

ies) W i)
Sai) == Y (Druiy)? = =55 — o2
i=is(j)+1

Since all terms in (u, Asu), are less than or equal to zero, (u, Asu)y, can only be zero
if all terms are zero. For example, S1(i) = 0 if and only if

DYu;; =0, js(i)+1<j<je(i),
Ui js(i) = 0,
Ui je(i) = 0,

which implies u; ; = 0, js(i) < j < je(i). In the same way, S2(j) = 0 if and only if
u;,; =0, is(j) <14 < ie(j). This proves that (u, Asu); = 0 if and only if w = 0. The
nonconvex case can be handled in the same way, except that the terms S; and So
must be divided into several parts, corresponding to the number of times the boundary
splits the same grid line. Hence, the matrix As is negative definite for both convex
and nonconvex boundaries.

We have shown that both A; and A, are symmetric, A; is negative semidefinite,
and A, is negative definite. Hence, Lemma 2.2 applies, so the time-step restriction
of (4.2), (4.5) is determined only by As, i.e., the interior formula, and the solution is
uniformly bounded in time. Moreover, the solution at the new time level, u”*!, can
be computed pointwise since the matrix A; is diagonal.

4.3. Accuracy. We have constructed our difference approximation “dimension
by dimension.” If we write the approximation in matrix form, the coefficient matrix is
symmetric and negative definite. Therefore, there are no stability problems. However,
it is not obvious that the approximation is second order accurate. The reason is that an
exterior point P can have two interior points P;, P, as neighbors, P; in the z-direction
and Pj in the y-direction; see Figure 3. In this case the value of u at P is not unique,
since it depends on which interpolation direction we use. For our scheme, this does
not matter because we eliminate u(P) both from D% D* u(P;) and DY DY u(P,), using
the corresponding interpolation formula. However, the usual truncation error analysis
fails.

We shall now use a more refined argument to show that the approximation is
second order accurate. For simplicity, we study only the semidiscrete problem where
time is left continuous,

82uh ~ f
(4.6) 2 = Apup + Pk
auh
un(@;,0) = uo(x;),  —.=(x;,0) = ur(@;).

We assume that the solution of the continuous wave equation (4.1) is smooth and can
be extended smoothly from €2 to a larger region §2; which contains all external points
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F1a. 3. The outside point P is used when discretizing the Laplacian at both of the inside points
Py and Ps.

with boundary points as neighbors. Let u(z,y,t) be the solution of (4.1). It solves
the inhomogeneous difference equation

(47) Utt = Ahu + h2G

Here h2G represents the truncation error. Let P, = (z,y) be a boundary point
and (z + h,y) an exterior point. The extended solution satisfies an inhomogeneous
interpolation formula:

(4.8) (1 —on)u(z,y,t) + aqu(z + h,y,t) = flx + arh,y,t) + hg;.
If also (x,y + h) is an exterior point, then there is another interpolation formula:
(4.9) (1 — a)u(z,y,t) + agu(z,y + h,t) = f(z,y + ash,t) + h?gs.

We use (4.8) and (4.9) to eliminate u(x+h, y,t) and u(z,y+h,t) from D D* u(z,y,t)
and DY DY u(x,y,t), respectively. After we have eliminated all exterior points, we
obtain

(4.10) utt:Ahu—&-hQG—&—g—&—% for & = xj, Imj| =1, ¢t > 0.

Note that g # 0 and f # 0 only at boundary points and Apu = Apu at all interior
points. At boundary points (x,y) (which have at least one neighboring exterior point),
we obtain a ¢-point formula with ¢ < 4 of the form

(4.11) W Apu(z; j,t) = —(4+ di j)u(@i j, 1) + Y Imjlu(a;, 1),
J

where the sum extends over the nearest neighbors (x;+h,y;), (z;,y;£h), and d; ; > 0.
Subtracting the difference approximation (4.6) from (4.10) gives us, for the error
e=1u—up,

e = Ape + h2G + g,
e(,0) = e(-,0) = 0.

To analyze the effect the term g has on the error, we study

Ah‘ﬂ =g
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Away from the boundary, g = 0 and A, = A,,. It is easy to show that the solution of
Apgij =0, ms; =1,
Gij =ig, Mij=—1,

takes its maximum at a boundary point (where m;; = —1). Let (x;,y;) be the
boundary point where |¢(z;,y;)| = |¢]so. From (4.11) we have

(4+dij)leloo <D Imylleloe + 77[gloo-
J
Hence,

2
|ploo < |9loo-
A+dij =35 Imjl

Since d;; > 0 and > _; [m;| < 3,

lploo < h2|9‘00~
From the definition of g, it is a smooth function of ¢. Therefore, € = e + ¢ solves
Eie = Ané + h2G + gy, lott]oo < h2|get] oo,
ie.
lelos = O(h?).
This shows that the approximation is second order accurate.
5. Numerical examples. In this section we consider (4.1) with a forcing func-
tion,
uge = Au+ F(z,t), rc, t>0,
(5.1) u(x,t) = f(z, 1), zel, t>0,
u(@,0) = uo(@), w(w,0) =ui(@), €.
This problem will be solved by both a fully second and an internally fourth order
accurate method, and the forcing functions will be chosen such that an exact solution

is known. The second order scheme is given by (4.2) and (4.5), and the internally
fourth order scheme is obtained by adding the correction term

7 h2
Ah,‘ﬂ}ifj = _E (DﬁDi’yZJDﬁDf —|— D’iD%’}/Z’JDiD%) ’Uiyfj

to the right-hand sides of (4.2) and (4.5), respectively. Here

17 mi,; = 1)
Yig = ,
0 otherwise,

where m; ; is defined in section 4.1.
The correction term AhAUZTfj gives a symmetric negative semidefinite contribu-
tion to the matrix representation of the scheme that does not involve the boundary.
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TABLE 1
Grid refinement study for the Dirichlet problem for a trigonometric exact solution; CFL = 0.5.

2’nd order error 4’th order error

t N =100 N =200 ratio | N=100 N =200 ratio

0.330 | 2.54e-02  5.77e-03 4.4 1.27e-02  3.58e-03 3.5
1.980 | 2.30e-02  5.47e-03 4.2 1.46e-02  3.97e-03 3.7

Hence, the internally fourth order scheme is stable. However, the internally fourth
order scheme can be expected to be only second order accurate near the boundary,
since a second order approximation of the Dirichlet boundary condition is used. For
simplicity, the internally fourth order scheme will henceforth be called the fourth order
scheme.

We start the numerical integration at n = 0. For the cases where an analytical
solution is known, we use this solution to initialize the computation at time levels
t_1 and tg. For the cases where an analytical solution is not known we use the
initialization

k2
U;jl = uo(ws,y;) — kuy(zs, ;) + ?(Din + DY DY Yug(i, y;),
and ’U?,j = uo(zi, y;).

We will denote the CFL-number by CFL = k/h. Note that for a two-dimensional
periodic domain, the scheme (4.2) is stable for CFL < 1/4/2. Also note that all errors
are measured in the max-norm.

5.1. Convergence study for a trigonometric exact solution. Let us choose
the forcing function F' and boundary data f such that the exact solution is the trigono-
metric traveling wave

(5.2) u(z,y,t) = sin(w(x — t)) sin(wy), w = 4.

The domain €2 is taken to be an ellipse centered at the origin with semiaxes x5 = 1 and
ys = 0.75. The Cartesian grid covers the rectangle —1.1 < x < 1.1, —0.85 <y < 0.85.
In Table 1, we present a grid refinement study for the two schemes with CFL= 0.5.
In Table 2 we present the same study with CFL=0.1. Note that the error in the
second order scheme is not improved by decreasing the CFL number, indicating that
the error is dominated by spatial discretization errors. The error for the fourth order
scheme is improved somewhat by decreasing the CFL number, implying that temporal
discretization errors cannot be neglected when CFL= 0.5. For both CFL-numbers,
the error is smaller for the fourth order scheme than for the second order scheme.
However, the order of convergence is only around two for the fourth order scheme and
CFL= 0.1. In section 3.2 the spatial discretization error is shown to consist of a second
order amplitude error arising from the boundary discretization and a fourth order
phase error originating from the discretization in the interior. It is therefore likely
that the dominant errors for the fourth order scheme and CFL= 0.1 are generated at
the boundary.

5.2. Convergence study for an inwards traveling wave solution in a cir-
cle. To illustrate the benefits of using a fourth order scheme away from the boundary,
we select the forcing function F' and boundary data f such that the exact solution
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TABLE 2
Grid refinement study for the Dirichlet problem for a trigonometric exact solution; CFL = 0.1.

2’nd order error 4’th order error

t N =100 N =200 ratio | N=100 N =200 ratio

0.330 | 2.31e-02  5.77e-03 4.0 1.06e-02  2.23e-03 4.8
1.980 | 2.40e-02  5.92e-03 4.1 7.55e-03  2.16e-03 3.5

TABLE 3
Grid refinement study for the Dirichlet problem for an inwards traveling wave solution. Here,
CFL = 0.5.

2'nd order error 4’th order error
t N =400 N =800 ratio N =400
0.315 | 1.51e-02  3.66e-03  4.12 6.51e-03
0.525 | 3.29e-02  8.79e-03  3.75 1.15e-02
1.155 | 8.44e-02  2.67e-02  3.17 3.29e-02
1.365 | 1.03e-01  3.40e-02  3.03 4.16e-02

(in polar coordinates) is a spatially localized traveling wave,

(5.3)  ulrt) = d(r+1), o) = i <1 + tanh 5650) <1 _ tanh 5651) .

Note that such waves are exact solutions to the unforced wave equation in one and
three space dimensions, but they are not in the two-dimensional case. The domain 2 is
taken to be the circle, |r| < 2, and the Cartesian grid covers the square —2.1 < z < 2.1,
—21<y<2l.

The parameters in the exact solution are chosen so that initially the wave is
essentially outside the domain and enters the region through the boundary after some
time. To make the problem challenging to solve numerically, we make the transitions
around & = &y and £ = &; rapid and close together by choosing

& =22, & =24, e=0.035.

The maximum of the wave reaches the boundary at ¢t = 0.3 and has passed through
the boundary after ¢ ~ 0.4 — 0.5. In Table 3 we present a study of the errors for
the two schemes with CFL= 0.5 both when the wave has reached the boundary and
after the wave has passed the boundary. In Table 4 we present a similar study but
with CFL= 0.1. Note first that the error in the fourth order scheme is improved by
decreasing the CFL-number for N = 400, indicating again that time discretization
errors are not small when CFL= 0.5. Furthermore, note that the fourth order method
with CFL= 0.1 gives close to fourth order accuracy after the wave has passed the
boundary, implying that the phase error dominates; see the discussions in sections 5.1
and 3.2. Also, the error in the second order scheme does not improve when the CFL
number is decreased, indicating again that the second order scheme is dominated by
spatial discretization errors. When 400 grid points are used in each direction, the
second order scheme produces a solution that has many spurious oscillations, while
the fourth order scheme gives a much cleaner result; see Figure 4.
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TABLE 4
Grid refinement study for the Dirichlet problem for an inwards traveling wave solution. Here,
CFL =0.1.

2’nd order error 4’th order error
t N =400 N =400 N =800 ratio
0.315 1.73e-02 4.39e-03  8.37e-04 5.24
0.525 3.98e-02 6.55e-03  8.30e-04 7.89
1.155 9.95e-02 1.09e-02  8.12e-04 13.44
1.365 1.20e-01 1.31e-02  9.64e-04  13.62

F1G. 4. The inwards traveling wave solution for the Dirichlet problem along the line y = —h/2
at time t = 1.365. The right figure shows a close-up centered around x = 1.2. The exact solution is
a solid line, the computed solution with the second order scheme is denoted by (+), and the fourth
order scheme is marked with (0). In these computations, N = 400 and CFL = 0.1.

5.3. Convergence study for an outwards traveling wave solution in a
circle. To further study the benefits of using a fourth order scheme away from the
boundary, we let the exact solution be an outwards traveling wave,

(5.4) u(r,t) = ¢(r —t),

where ¢ is given by (5.3). The domain 2 is in this case taken to be the unit circle,
|r] < 1, and the Cartesian grid covers the square —1.1 < z < 1.1, —1.1 < y < 1.1.
Here, the parameters in ¢ are taken to be

&% =02, & =04, e=0.035.

The wave reaches the boundary at ¢ =~ 0.5 —0.6 and has passed through the boundary
after t ~ 0.8 — 0.9. In Table 5 we present a grid convergence study for the two
schemes with CFL= 0.5 before and after the wave has passed the boundary. In Table
6 we present the same study but with CFL= 0.1. Note that the fourth order method
gives fourth order convergence for the smaller CFL-number before the wave reaches
the boundary and gives second order convergence after the wave has reached the
boundary. When 200 grid points are used in each direction, the second order scheme
produces a solution that has many spurious oscillations, while the fourth order scheme
gives a much cleaner result; see Figure 5.
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TABLE 5
Grid refinement study for the Dirichlet problem for an outwards traveling wave solution;
CFL =0.5.

2’nd order error 4’th order error

t N =200 N =400 ratio | N=200 N =400 ratio
0.22 | 1.99e-02  5.44e-03 3.7 6.70e-03  1.79e-03 3.7
0.33 | 2.78e-02  7.82e-03 3.6 9.64e-03  2.60e-03 3.7
0.66 | 5.35e-02  1.40e-02 3.8 1.61e-02  4.47e-03 3.6
0.77 | 5.77e-02  1.76e-02 3.3 2.30e-02  6.11e-03 3.8

TABLE 6
Grid refinement study for the Dirichlet problem for an outwards traveling wave solution;
CFL =0.1.

2’nd order error 4’th order error

t N =200 N =400 ratio | N =200 N =400 ratio
0.22 | 2.53e-02  7.08e-03 3.6 2.37e-03  1.40e-04  17.0
0.33 | 3.50e-02  1.01e-02 3.5 3.33e-03  2.03e-04  16.5
0.66 | 5.73e-02  1.71e-02 3.3 8.50e-03  7.34e-04 11.6
0.77 | 6.46e-02  2.23e-02 2.9 8.26e-03  1.17e-03 7.1

+ 2nd order method
O 4th order method
— exact solution

08

061

+ 2nd order method
O 4th order method
— exact solution

04f

02

F1G. 5. The outwards traveling wave solution for the Dirichlet problem along the line y = —h/2
at time t = 0.66. The right figure shows a close-up centered around x = 0.7. The exact solution is
a solid line, the computed solution with the second order scheme is denoted by (+), and the fourth
order scheme is marked with (o). Here N =200 and CFL=0.1.

5.4. Bouncing wave in an ellipse. Here we study the homogeneous problem
F(x,t)=0, f(xz,t)=0,

in a domain bounded by an ellipse centered at the origin, with semiaxes x, = 2.0 and
ys = 2.54. The Cartesian grid covers the square —2.1 < z < 2.1, —2.64 < y < 2.64.
We take initial data to be

UO(‘% y) = ¢(T)7
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Fi1G. 6. The bouncing wave reference solution for the Dirichlet problem with the fourth order
scheme at t = 3.15 (left) and t = 4.41 (right). Here N = 800, CFL = 0.1. The contour spacing is
0.2, and the dashed curve in the left plot indicates the boundary.

where ¢(r) is given by (5.3) and r = /22 + (y — yr)2. The upper focal point is
located at yp = \/y2 — 22 ~ 1.56 and

ur(x) = ur(r) = —¢'(r).
The parameters in ¢(r) are
€ =02, & =04, ¢=0.035.

Note that the initial data is chosen such that the wave is essentially traveling in
the positive r-direction out from the focal point (0,yr). By making a ray-tracing
argument, we see that a high frequency wave should reflect the boundary and re-
focus at the other focal point (0, —yr). To verify this behavior, we make a reference
calculation using a fine grid with N = 800 and the fourth order method with CFL=
0.1. We then make calculations with N = 400 and N = 100 for the fourth and the
second order methods. These solutions are compared to the reference calculation at
the time ¢ = 4.41, just before the solution is refocused at the other focal point. In
Figure 6, we show contour plots of the reference calculation at ¢ = 3.15 and ¢t = 4.41.
In Figure 7, we display contour plots of the solutions using the fourth and second order
schemes for N = 400 at ¢t = 4.41. We also plot the numerical solutions along the line
x = 0, where the deviation from the reference solution is the largest; see Figure 8. In
Figures 9 and 10, the corresponding calculations are presented for N = 100. Clearly,
the fourth order method gives the best result.

6. Conclusions. Numerical methods have been proposed and analyzed for solv-
ing a second order wave equation without first writing it as a first order system. Both
the Dirichlet and the Neumann problems were treated for the one-dimensional case.
The Dirichlet problem was analyzed in detail for general two-dimensional domains,
and we proved that the proposed scheme is stable and conservative both for second and
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Fic. 7. The bouncing wave solutions for the Dirichlet problem at t = 4.41. Left: the second
order scheme with CFL = 0.5, N = 400. Right: the fourth order scheme with CFL = 0.1, N = 400.
The contour spacing is 0.2.

Fi1c. 8. The bouncing wave solutions on a fine grid for the Dirichlet problem along the line
=0 at t = 4.41, centered around y = —2 (left) and y = —1.2 (right). Solid: the reference solution,
“+7: the second order scheme with CFL = 0.5, N = 400. “?”: the fourth order scheme with CFL
= 0.1, N = 400. Note the over- and undershoots obtained with the second order scheme.

Fi1c. 9. The bouncing wave solutions on a coarse grid for the Dirichlet problem at t = 4.41.
Left: the second order scheme with CFL = 0.5, N = 100. Right: the fourth order scheme with CFL
= 0.1, N =100. The contour spacing is 0.2, and the dashed curve represents the boundary.
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Fi1c. 10. The bouncing wave solutions for the Dirichlet problem along the line x = 0 at t = 4.41,
centered around y = —2.1 (left) and y = —0.75 (right). The solid line is the reference solution, and
the dashed line with “+” is the second order scheme with CFL = 0.5, N = 100. The dotted line with
“0” marks the fourth order scheme with CFL = 0.1, N = 100. Note that the spurious oscillations
are much larger with the second order scheme.

fourth order spatial discretizations. We are currently working on the two-dimensional
Neumann problem [7], and we plan to extend the approach to three space dimensions.

For the fourth order spatial discretization, we have seen that the second order
temporal discretization error cannot be neglected unless the CFL-number is reduced
substantially below the stability limit. In future work we intend to develop a higher
order time integration method where the accuracy better matches that of the fourth
order spatial discretization.

In many applications the wave propagation speed varies in space. We see no diffi-
culty modifying our approach to handle smoothly varying coefficients, but additional
work will be required to treat discontinuous coefficients. Systems of second order
wave equations also occur in applications, for example in general relativity. Another
example is Maxwell’s equations for electromagnetic wave propagation, which often is
given as a first order system, but also can be written as a second order system. We
believe that generalizing the proposed method to systems will provide an accurate
and straightforward technique for analyzing these types of problems.
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